INTRODUCTION
============

Breast cancer is a highly heterogeneous disease that often acquires treatment resistance \[[@B1]\]. In spite of many advances in the therapy for breast cancer, many patients still die owing to recurrence. One theory that could explain the treatment resistance is the cancer stem cell (CSC) theory \[[@B2]\]. CSCs are a subset of tumor cells that have been thought to contribute to the heterogeneous nature of cancers. These cells have the capacity for indefinite self-renewal and differentiation like normal stem cells \[[@B3]\]. These CSCs have the capacity to give rise to all cell types within the tumor, and could constitute drug-resistant cells that induce recurrence or metastasis after anticancer therapy. \[[@B4]\]. While these CSCs have been associated with poor prognosis in some patients with breast cancer, the relationship between CSCs and tumor recurrence remains unclear. Several previous studies have reported that disease-specific survival is poorer in CSC-positive patients. However, other reports have shown contradicting results \[[@B1],[@B4],[@B5],[@B6],[@B7],[@B8],[@B9]\].

A number of markers such as cluster of differentiation (CD) 44, CD24, and aldehyde dehydrogenase 1 (ALDH1) have been proposed for the identification and enrichment of breast CSCs \[[@B10],[@B11],[@B12],[@B13],[@B14],[@B15]\]. Through the study of cell surface markers, Al Hajj et al. \[[@B16]\] verified that cells with a CD44^+^/CD24^-^ phenotype have the capacity to form breast cancers. In addition, on the basis of ALDH1 activity, Ginestier et al. \[[@B17]\] reported that ALDH1^+^ tumor cells have the ability to produce tumors in nude mice. Additionally, several studies indicated that CD44^+^/CD24^-^ and ALDH1^+^ breast cancer cells have tumor-initiating properties, and are associated with triple-negative breast cancers \[[@B11],[@B12],[@B13],[@B14]\].

These findings led us to hypothesize that the expression of ALDH1 might be associated with clinicopathologic outcomes of patients with breast cancer. In this study, we investigated the association of ALDH1^+^ breast cancer cells with disease-free survival (DFS), overall survival (OS), and with the breast cancer molecular subtypes. We evaluated the expression of ALDH1 to determine its clinical utility in predicting tumor recurrence and patients\' survival.

METHODS
=======

Patients
--------

This study was approved by the Kosin University Gospel Hospital Institutional Review Board (approval number, 13-100). Patients who underwent surgery for invasive ductal carcinoma between July 2005 and March 2007 were evaluated. Patients were excluded if they had received palliative surgery, neoadjuvant chemotherapy, or neoadjuvant radiotherapy for preoperative metastasis of breast cancer at any site (stage IV). In addition, patients with \<5 years of follow up and incomplete immunohistochemistry (IHC) data were excluded. We identified 428 patients diagnosed with breast cancer between July 2005 and March 2007. Of them, 70 patients (16.4%) were included in the current analysis ([Figure 1](#F1){ref-type="fig"}). The patients were observed from the date of diagnosis until death resulting from any cause before September 2013. Data on age at diagnosis, tumor size, axillary nodal status, American Joint Committee on Cancer (AJCC) stage, hormonal receptor status, human epidermal growth factor receptor 2 (HER2) status, p53 mutation, histological grade, and lymphovascular invasion status were available.

Definitions of terms and follow-up evaluations
----------------------------------------------

DFS was defined as the period a patient with disease lived without known recurrence after surgery. OS was defined as the time from the primary operation to the date of death. When the patient showed recurrence of breast cancer at any site, we regarded it as a recurrent event. Patients still alive without an event at the last follow-up were considered censored.

Baseline assessments including breast ultrasonography, mammography, chest radiography, abdominal ultrasonography, and bone scintigraphy were performed every 6 months, and positive emission tomography was performed annually. In case of suspicious lesions at baseline, additional radiologic and interventional evaluations were performed.

Immunohistochemical Staining
----------------------------

IHC was performed by using 4-µm thick, formalin-fixed, paraffin-embedded tissues. The tissues were dried overnight in an oven at 60℃, and placed in a Bond™ polymer refine detection system (Leica Biosystems Newcastle Ltd., Newcastle upon Tyne, UK). After deparaffinizing with Bond™ dewax solution (Leica Biosystems Newcastle Ltd.), pretreatment was performed by using Bond™ epitope retrieval solution 1 (Leica Biosystems Newcastle Ltd.) for 20 minutes at 98℃. Following this, the endogenous peroxidase was quenched by incubation with hydrogen peroxide for 15 minutes. Sections were incubated for 15 minutes at room temperature with the monoclonal antibody for ALDH1 (EP1933Y, 1:100; Abcam, Cambridge, UK) using biotin-free polymeric horseradish peroxidase-linker antibody conjugate system, and developed with 3,3 diaminobenzidine chromogen, in a Bond-maX™ automated slide stainer (Leica Biosystems Melbourne Pty. Ltd., Melbourne, Australia).

Evaluation of Immunohistochemical Staining
------------------------------------------

ALDH1 staining was evaluated in tumor cells and stromal cells in desmoplastic peritumoral connective tissue. Regardless of the extent or intensity, ALDH1 staining was considered positive when the cytoplasm of each cellular component showed a positive reaction ([Figure 2](#F2){ref-type="fig"}). IHC results for estrogen receptor (ER), progesterone receptor (PR), HER2, and p53 were obtained from the patients\' pathology reports. Hormone receptors such as ER and PR were evaluated by using the Allred scoring system, as follows: the proportion of positive cells and staining intensity were scored on a scale of 0 to 5 and 0 to 3, respectively. Subsequently, the total score was calculated by adding each score. When the total score was \>3, it was regarded as positive \[[@B18]\]. The cells were considered positive for p53 expression when the nuclear reaction was ≥1%. HER2 was analyzed according to the general guidelines set by the American Society of Clinical Oncology/College of American Pathologists. When the IHC yielded equivocal results, the HER2 status was determined by using fluorescent *in situ* hybridization.

On the basis of IHC, every cancer was divided into the following four kinds of molecular subtypes: luminal A (positive for ER and/or PR), luminal B (positive for ER and/or PR and HER2), HER2 positive (positive for HER2 only), and triple-negative breast cancer (TNBC; negative for ER, PR, and HER2).

Statistical analysis
--------------------

Statistical analysis was performed by using PASW version 18.0 (SPSS Inc., Chicago, USA). Evaluation of pathologic differences and molecular subtypes according to ALDH1 expression were assessed by using the Pearson chi-square test. Kaplan-Meier estimates and curves were prepared for the survival outcomes. Multivariate analysis by using the Cox proportional hazards model was performed to assess the independent significance of pathologic factors and survival probabilities. Hazard ratios and their corresponding 95% confidence intervals were computed to provide quantitative information about the relevance of the statistical results. All *p*-values were obtained by performing two-sided testing, and *p*\<0.05 was considered statistically significant.

RESULTS
=======

Pathologic characteristics of patients and pathologic differences associated with a recurrent event
---------------------------------------------------------------------------------------------------

The pathologic characteristics of all patients and pathologic differences associated with events are given in [Table 1](#T1){ref-type="table"}. All patients were women, with a mean age of 58.1±10.1 years. Out of 70 patients, ALDH1^+^ and ALDH1^-^ tumors were reported in 27 patients (38.6%) and 43 patients (61.4%), respectively. The number of patients with a recurrent event was 38.6% (27/70). In patients with recurrent events, the T stage, N stage, AJCC stage, ER status, PR status, and molecular subtypes were correlated with the recurrence.

Comparison of pathologic differences and molecular subtypes according to ALDH1 expression
-----------------------------------------------------------------------------------------

The comparison of pathologic differences and molecular subtype according to ALDH1 expression is shown in [Table 2](#T2){ref-type="table"}. In patients with ALDH1^+^ tumors, ER negativity was significantly associated with the expression of the stem cell marker ALDH1 (*p*\<0.01). No other markers correlated with ALDH1^+^ tumors. Among patients with ALDH1^+^ tumors, TNBC subtype was observed in 15 patients (55.6%). In addition, luminal A subtype was observed in 26 patients (60.5%) with ALDH1^-^ tumors (*p*\<0.01). No association was detected between ALDH1 expression and other pathological markers.

Association between ALDH1 expression and survival outcomes
----------------------------------------------------------

The median observation time was 80.7 months (range, 60-99 months) for patients who were alive until the cutoff date for follow-up. The DFS and OS according to ALDH1 expression are shown in [Figure 3](#F3){ref-type="fig"}. In total, 38.6% (27/70) of the patients had tumors positive for ALDH1 expression. The mean DFS for all of the 70 patients was 71.4±4.3 months. When the patients were stratified according to the presence or absence of ALDH1 positivity, the mean DFS was 53.1±6.7 and 79.2±4.7 months for the ALDH1^+^ and ALDH1^-^ groups, respectively (*p*=0.03). The estimated mean OS was 68.5±4.7 and 95.3±1.1 months for the ALDH1^+^ and ALDH1^-^ groups, respectively (*p*\<0.01).

Survival analysis in patients with ALDH1^+^ and ALDH1^-^ according to molecular subtypes
----------------------------------------------------------------------------------------

The DFS and OS between ALDH1^+^ and ALDH1^-^ patients stratified according to molecular subtypes are shown in [Figure 4](#F4){ref-type="fig"}. We dichotomized the molecular subtypes into non-TNBC and TNBC. In patients with non-TNBC, the mean DFS was 60.5±8.0 months and 81.8±4.6 months for the ALDH1^+^ and ALDH1^-^ groups, respectively. In patients with TNBC, the mean DFS was 45.3±9.4 months and 81.3±7.4 months for the ALDH1^+^ and ALDH1^-^ groups, respectively. Both patients with non-TNBC and TNBC did not show any statistically significant DFS differences according to ALDH1 expression (*p*=0.27; *p*=0.52). In patients with non-TNBC, the ALDH1^+^ and ALDH1^-^ groups showed 77.6±3.6 and 98.0±1.0 months of mean OS, respectively. These results indicated a statistical difference between each group (*p*=0.04). In contrast, in patients with TNBC, the mean OS was not significantly different between those with ALDH1^+^ and ALDH1^-^ tumors (69.0±7.5 months vs. 91.3±6.3 months, *p*=0.67) ([Figure 4](#F4){ref-type="fig"}).

DISCUSSION
==========

As CSCs are a minor population of cells associated with recurrence or distant metastasis after anticancer therapy, it is very important to understand these cells in order to improve the outcome of conventional cancer therapy \[[@B4],[@B19],[@B20]\].

We therefore investigated the importance of CSCs in the relapse of invasive ductal carcinoma cells. In this study, we used IHC expression of ALDH1 as a surrogate marker for breast CSCs. We hypothesized that the molecular characteristics and the clinical outcomes of breast cancer might be associated with ALDH1 expression. We analyzed the IHC expression of ALDH1 and sought to correlate these data with the molecular characteristics and survival outcomes such as DFS and OS in a cohort of 70 patients with breast cancers (invasive ductal carcinoma).

Firstly, we evaluated the association between ALDH1 expression and pathologic characteristics known to be important for the clinical outcome, such as tumor size, nodal status, hormonal receptor status, HER2 status, p53 mutation, histologic grade, and lymphovascular invasion. The correlation between the expression of ALDH1 expression and the pathologic characteristics is controversial. Neumeister et al. \[[@B5]\] reported that ALDH1 expression was not associated with pathologic characteristics. However, in two other studies, the expression of ALDH1 was found to be correlated with poor prognostic features such as high histologic grade, HER2 overexpression, and the absence of ER and PR expression \[[@B17],[@B21]\]. In the present study, we were able to demonstrate an association between ALDH1 expression and ER negativity.

Secondly, we investigated whether a correlation exists between ALDH1 expression and the molecular subtypes of breast cancer. As several reports have demonstrated the relationship between the breast cancer subgroups defined according to tumor markers and the molecular subtypes, we evaluated the expression of ER, PR, and HER2 to classify the breast cancers into four subtypes \[[@B22],[@B23]\]. Many previous studies documented that CD44^+^/CD24^-^ and ALDH1^+^ cells are associated with HER2^+^ type breast cancer and TNBC \[[@B2],[@B3],[@B6],[@B21],[@B24]\]. Similarly, in this study, we discovered an association between ALDH1 expression and the molecular subtypes. We found that the ALDH1^+^ tumors were significantly correlated with TNBCs, and that luminal A type breast cancers occurred in a high proportion of patients with ALDH1^-^ tumors. It is well documented that TNBCs are associated with a worse prognosis than luminal A type breast cancers. Therefore, our results indicate that ALDH1 expression could play a role in the biological heterogeneity and aggressiveness of breast cancer.

Lastly, we evaluated the association between ALDH1 expression and clinical outcomes in patients with invasive ductal carcinoma. Several previous studies have documented that ALDH1 expression was associated with a poor clinical outcome, and it could be an independent prognostic factor \[[@B5],[@B17],[@B25]\]. In this study, we were also able to demonstrate an association between ALDH1 expression and clinical outcomes. There was a significant trend toward shorter DFS and OS in the group with ALDH1^+^ tumors than in the group with ALDH1^-^ tumors. With this result, we could speculate that breast cancer cells with ALDH1 expression might be correlated with poor clinical outcomes.

In the entire patient cohort, as described above, those with ALDH1^+^ tumors showed shorter DFS than those with ALDH1^-^ tumors. However, after correcting the frequency of molecular subtype, there were no significant DFS differences between patients with ALDH1^+^ and ALDH1^-^ tumors regardless of the occurrence of TNBC. Therefore, when the tumor expressed ALDH1, the shorter DFS may result from the high incidence of TNBC rather than ALDH1 expression itself. This result was further verified by analyzing DFS probability with the Cox proportional hazard regression model. In the analysis of OS, the expression of ALDH1 was also associated with shorter OS. In terms of the molecular subtype, the OS did not significantly differ between patients with ALDH1^+^ or ALDH1^-^ TNBC. In patients with non-TNBC, however, ALDH1^+^ tumors led to shorter OS than ALDH1^-^ tumors. This result may mean that patients with TNBC had poorer OS than patients with non-TNBC when ALDH1 was expressed. Thus, ALDH1 rather than the molecular subtype could be a contributing factor to determine the OS. This result could be ascertained in the analysis of OS probability by using the Cox proportional hazard regression model. Additionally, in this study, AJCC stage and PR seemed to be factors that influenced recurrence. By using the Cox proportional hazard regression model, these factors were found to be associated with the DFS, but not with the OS. Although these two factors had no influence on the OS, ALDH1 expression was shown as a factor that affected the OS. This result indicates that ALDH1 expression was a significant factor that affected the OS ([Table 3](#T3){ref-type="table"}). Three possible reasons could be postulated to explain such a result. Firstly, ALDH1^+^ tumors themselves might have a tendency for rapid progression after recurrence. Secondly, ALDH1^+^ tumors might be beneficial for the progression of recurrent cancer cells as these tumors have the capacity to be resistant to anticancer therapy. Lastly, for the treatment of recurrent tumors, additional anticancer therapy could be detrimental to the survival of normal cells, consequently providing a growth advantage to the ALDH1^+^ tumor cells. However, as these theories have not been demonstrated experimentally, additional studies may be required to determine the exact reason(s) for the short OS in patients with ALDH1^+^ tumors in cases of non-TNBC.

The limitation of this study was that only 70 of the 428 patients (16.7%) were enrolled in this study. Therefore, additional studies on a larger cohort will be needed to confirm our findings.

In conclusion, the expression of ALDH1 is associated with poor clinical outcomes and TNBC. The significant correlation of this marker with the breast cancer molecular subtypes and patient clinical outcomes may suggest that the presence of ALDH1^+^ cells is associated with poor prognostic features and could contribute to an aggressive breast cancer phenotype.
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Correlation between pathologic characteristics and recurrent event
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AJCC=American Joint Committee on Cancer; ER=estrogen receptor; PR=progesterone receptor; HER2=human epidermal growth factor receptor 2; ALDH1=aldehyde dehydrogenase 1.

^\*^Statistically correlated with cancer recurrence; ^†^ER or PR(+); ^‡^ER or PR(+) and HER2(+); ^§^HER2(+) only; ^∥^ER, PR and HER2(-).
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Comparison of pathologic differences and molecular subtype according to aldehyde dehydrogenase 1 expression
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ALDH1=aldehyde dehydrogenase 1; AJCC=American Joint Committee on Cancer stage; ER=estrogen receptor; PR=progesterone receptor; HER2=human epidermal growth factor receptor 2.

^\*^Statistically correlated with aldehyde dehydrogenase 1 expression; ^†^ER or PR(+); ^‡^ER or PR(+) and HER2(+); ^§^HER2(+) only; ^∥^ER, PR and HER2(-).
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Disease-free survival and overall survival probabilities^\*^ as calculated by Cox proportional hazards regression model
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DFS=disease-free survival; OS=overall survival; HR=hazard ratio; CI=confidence interval; AJCC=American Joint Committee on Cancer stage; ER=estrogen receptor; PR=progesterone receptor; TNBC=triple-negative breast cancer; ALDH1=aldehyde dehydrogenase 1.

^\*^With an event defined as development of recurrence and death by disease; ^†^Risk of recurrence; ^‡^Risk of death; ^§^Statistically associated with survival outcomes.
